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1. INTRODUCTION 

Mostly with advancement of technology, fresh demands for information transfer have constituted an 
unusual challenge for the cutting-edge cell infrastructure. Aside from the standard telecom advantages of cell 
phones, the current new generation, fifth generation (5G) [1], project is likely to strengthen traffic load that 
are in particular distinct from the previous counterparts, for illustration, machine type communication 
(MTC), internet of things (IoT), which seems to be using really quite tiny information transmission as 
discussed in [2] besides the streaming of different multimedia information [3]. Using adjustable waveforms is 
a crucial process for dealing with the upcoming challenges, which are shown by Banelli et al. [4]. A primary 
need of waveform composition in modern generation, 5G, designs is to aid irregular delivery with the 
particular objective of keeping a staying away from the significant overhead of synchronization signaling 
required by large endpoints [5], [6]. The cyclic prefix-orthogonal frequency division multiplexing (CP- 
OFDM) modulation and access technology that was used in fourth generation (4G) networks [7]; 
nevertheless, OFDM can only fulfill the aforementioned requirement since orthogonality among subcarriers 
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can't be maintained in irregular or asynchronously broadcasting. As a result, unattractive adjacent-channel- 
interference (ACI) will result from out-of-band (OOB) output [8]. 

To put it otherwise, the synchronization overhead is going to cause latency to grow and consume 
more power; nevertheless, MTC will be battery-powered, and batteries need to survive for a long period [9]. 
Additionally, regardless of the asynchronous transmission, 5G pulses have a time-domain localization 
characteristic, which is essential to meet latency and short message delivery requirements [6]. Due to this, 
filtered signals are a consideration in the 5G waveforms. Omission-free transmission is possible with filtered 
waveforms, which cuts down on OOB emissions. Filtered waveforms may be divided into three categories: 
whole band, subcarrier, and subband. Filterbank multicarrier (FBMC) [10] beats standard CP-OFDM, which 
utilizes offset-quadrature-amplitude-modulation (OQAM) [11]-[13], whereas generalized frequency division 
multiplexing (GFDM) [11] is another subcarrier filtering-based waveform. Unfortunately, despite the 
impressive results, the extended appendage of the filter time-domain-response reduces processing time 
(latency), where this latency is a critical attribute in modern communication, 5G, and platforms [14]. 
Bellanger et al. [10] provided a prominent example of previously reported remedies in the context of the 
large tails, however the latency had worsened. Additionally, FBMC suffers from a deterioration in terms of 
orthogonality, though results in inter-symbol-interference [9], [13], [15]. 

In order to compensate the reasons listed above, some intelligent, creative filtered waveforms, built 
around subbands, successfully developed. The technique configured in order to achieve subband filtering, in 
which an individual subband having several subcarriers accessible for propagation. In other words, because 
of the broader filter bandwidth, the filter's impulse response will be smaller than it would be in the case of per 
subcarrier filter functioning. According to LTE designs, each subband is made up of 12 subcarriers, which 
are referred to as resource blocks (RB), which is why resource block filtered OFDM was created [16], [17]. 
The universal filtered multicarrier (UFMC), which corresponds to the subband based filtering group, was also 
proposed as a contender for 5G [6], [9], [14], [18]. The filter frequency band may be extended further so that 
the entire range of the conveyed subbands is filtered in one go. That really is, just one filter will be used at 
the sender. All of this output waveform is known as filtered-OFDM (F-OFDM) [19], [20]. This article will 
solely cover F-OFDM. 

Several numerologies must be used in 5G to serve multiple MTC structures. These signal 
components incorporate subcarrier-spacings, changeable cyclic-prefix, signal propagations required time, and 
so on. Additionally, it is critical to loosen the coordination between the transmitter and the endpoints where 
heavy signaling burden would be accessible for data transfer. To meet these criteria, the output waveform 
ought to be versatile enough to be adjusted based on the kind of communication. The CP-OFDM is 
rectangular-pulse structured in time- and sinc in frequency-domain, respectively. However, sinc-technique’s 
disadvantage is that its sidelobes fade as little by little as 1/frequency. Thus, the sidelobes obstruct frequency 
localisation, resulting in the loss of concurrence with neighboring services [20]. Likewise, one disadvantage 
of sinc-sidelobes is the necessity for precise synchronization under both freqiemcu-and-time. As indicated at 
the commencement of this section, several types of waveforms have been found in the literature to loosen the 
timing constraints. However, the primary goal of achieving asynchronous communication is to reduce OOB 
emission [13], [21], [22]. F-OFDM has gained some traction in the literature; in [20], the research introduced 
a signal that reduces the extended tail of legacy 4G signals, CP-OFDM, as well as an asynchronous number 
of co system employing F-OFDM. 

Meanwhile, CP-OFDM employed pulse structuring to improve frequency stability, but the 
suggested F-OFDM inhibits OOB leakage, resulting in improved stability. owing to significant OOB of 
conventional legacy OFDM signals, protection frequency-distance is mandatory, resulting in a known 
spectrum inefficiency. Approximately 10% of the available bandwidth in 4G LTE networks is utilised as 
guard band [23]. Several techniques were presented in order to accomplish the stability. It is necessary to 
utilize a different pulse shape in the frequency domain in order to avoid using the sinc-function. For example, 
during signal processing filter creation, Hanning windowing, for example, is a restriction of the architype 
filter by windowing its impulse response, is employed in some applications [20]. So, the waveform that will 
be used must have higher frequency-range competence, temporal and frequencies-stability, and orthogonality 
amongst subcarriers. Regrettably, as per Gabor's hypothesis [24], we will not be able to achieve all of these 
characteristics simultaneously. Thus, the signal must be constructed in a thoughtful manner, achieving a 
reasonable trade in terms of both timing and frequency localization, as well as an increase in transmission 
capacity over CP-OFDM while maintaining orthogonality. Just use the same method as [20], thus, using 
dissimilar windowing-function, namely the Von Hann window, [25] discovered the suggested F-OFDM 
surpasses FBMC and UFMC signals in terms of throughput and efficiency. 

Specifically, filtering is required to reduce the OOB emission to a regulated amount in order to 
overcome disturbance between subsequent subbands. Additional information on F-OFDM was provided in 
[26], from which a realistic site examinations were performed and demonstrated novel-F-OFDM beats CP- 
OFDM. Wu et al. [26] demonstrates that asynchronous subbands may be utilized with nearby subband 
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interfering disregarded. Nonetheless, F-OFDM allows for the employment of bandwidth, which results in the 
relaxation of more subcarriers for usable information transfer and, as a result, greater transmission capacity 
[19]. Ku and Armada compared two distinct numerologies, namely MTC and conventional audio data, and 
the findings demonstrated the F-capacity OFDM's to handle diverse numerologies [27]. Additional field 
study was run in [21], and it was demonstrated that a more over 7% increase in data rate was obtained with 
little interaction between neighboring subbands. The distinction between the two field experiments is that 
[26] only conducted uplink communication, whereas [21] only did downlink communication. Another 
proposed approach for reducing OOB generation was explored in [22], in which windowing-filtering or 
filtering-windowing is a goal that has been reached depending on the position of the filter and/or window. As 
a result, the design technique will be demonstrated in the next part, along with the introduction of new 
windows. This article is structured as; section 2 discusses filter design based on the employment of 
windowing and finite impulse response filter and proposes different F-OFDM development who have used 
windows that were not in the literary works, however, the novel F-OFDM will be built around flat top 
window-based filtering approach, additionally, section 4 provides modeling findings and discussion, and 
section 5 puts the concluding remarks. 


2. METHOD 

For better time and frequency localisation to increase system throughput, F-OFDM effectiveness is 
heavily dependent on filter design. Methods such as the windowed-sinc approach [28] are straightforward to 
use, methodical, and may be implemented online. As a matter of fact, this filter design approach has a 
number of clearly defined windows [29], [30]. This can be described mathematically as: 


In) = g-(n) wn) (1) 


Where g,(n) is the filter's necessary time-domain response. It is also possible to utilize an optimal low-pass- 
filter sinc response [31]. 

Following the windowing process, the resulting filter must be moved in the frequency domain to the 
middle of the designated spectrum. Due to the obvious Gibbs-issue [31], the window-functionality of a sinc- 
filter in time, hence this operation, introduces ripple in band's border spectrums. Conversely, the ripple 
frequency can indeed be removed if the allotted spectrum is prolonged for just few subcarriers at the 
transformation boundaries; in this way, the filter passes frequencies as straight as feasible for the assigned 
subband while still beginning its roll-off at the subband's intended boundaries. That would be to state, design 
process is critical, and as such, the filter design approach should be prudent in terms of selecting an 
acceptable window function. As a result, reduced OOB emission can be attained, resulting in substantial 
improvements in time and frequency localization. Mostly as result, frequency range efficiency can be 
improved by generating additional bands which could be used for valuable information, in contrast to 
conventional CP-OFDM. As a direct consequence, data throughput increases. There are several window 
types described in the literature [29], [30], each with its own set of pros and drawbacks. For example, the 
most basic type is the rectangular-window. The primary disadvantage of the rectangle function is its poor 
frequency domain localization, as a result, it is not approved for use in 5G networks. 

Taher et al [30] implemented different novel filters to enhance the F-OFDM waveform contender 
based on the original theoretical background explained in [32], where it was discussed in [32] that many 
windows have been generated using two of more different windows, in other words by mixing/combining 
distinct windows. For example, triangular/Bartlett-window was generated by convolving two rectangular 
windows [30], [32]. The objective was to create a window with a thinner main lobe width and extremely low 
sidelobe depths. In [30], the authors completely designed different windows, based on the theory of [32], 
such as Hanning-Hanning window, which is the convolution of the Hanning-window by itself. Thus, it is 
mathematically can be describe as: 


Wnew (n) = W1 (n) "W2 (n) (2) 


where w is the first window and w2 denotes the second window. In this work, it is proposed to design a new 
window that has smaller-width of the main lobe and less sidelobe levels compared to other windows in the 
literature. 

The comprehensive review of the state-of-the-art, it can be said that flat-top weighted-window has 
extremely low passband ripple, less than 0.01dB, and it is designed originally to be used for the purpose of 
calibration [33]. Flat-top weighted window can be described mathematically using four-cosine terms, 
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Werw(n) = To — T4 COS [=n] + T3 COS [=n] — T3 COS [=n] + T4 COS [= n| (3) 
where the coefficients To, T1, T2, 73, and t4 are listed in Table 1 and L is the window size. That is, based on the 
theory stated previously, and using (2), it is possible to generate new window by convolving the flat-top 
weighted-windw with itself, which corresponds to multiplication in the time-domain, that is, according to (2), 
the new window can be generated directly by multiplying wrrw(n) by itself. That is, the new window, 
Wetrr(n), called as FTFT-window, can be described as follows: 


Table 1. Flat-top weighted-window coefficients [33] 
Coefficient Corresponding value 


To 0.21557895 
Ti 0.41663158 
T 0.277263158 
T3 0.083578947 
T4 0.006947368 


Werrr(N) = ao + q cos(8n) + a, cos(20n) + a3 cos(30n) + a, cos(48n) + a, cos(50n) + 


a, cos(60n) + a7 cos(70n) + ag cos(8An) (4) 
where 
21 
0 = A (5) 


and ao, 01, G2, 03, G4, 5, O6, a7, and ag are listed in Table 2. This window is used to windowing the traditional 
sinc-fuction to obtain the windowed-sinc filter that is used in this paper. 


y(n) = mee ‘Were (n) (6) 


where wc stands for cut-off frequency. Then F-OFDM signal can be represented as: 


Table 2. FTFT-window factors 


Factor Value 
ao 0.17521950295 
o -0.31890460119 
o 0.24308301561 
a3 -0.15444680377 
O4 0.07924988333 
Os -0.02606785569 
d6 0.00541896938 
a7 -0.00058065370 


as 0.000024132961 


Starting with the collection of binary data, the F-OFDM transmitter component viewing begins. By 
applying M-QAM mapping, data is transformed depending on baseband modulation order (M-QAM). Once 
serial to parallel conversion has taken place, the samples will be available for the N-points inverse discrete 
fourier transform (IDFT) using its fast version inverse fast foureir transform (IFFT). Multiplexing occurs 
after N-IFFT operations, which means the signal is changed from parallel to serial arrangement. Then the 
filter action will be performed as a last baseband operation, as indicated in Figure 1. Note that the 
conventional CP-OFDM is identical to one chain of Figure 1 but without the filter. Furthermore, the 
receiving part of the F-OFDM or the CP-OFDM is the reverse of these discussed procedures in Figure 1. 


1 T jot 
x(n) = | Erao Xie" | + p(n) (7) 
in the last expression, k=0...N is the frequency indes. 
Consequently, the simulation results will confirm that the developed windowed-sinc filter in this 


work will reduce the OOB emission suggestively. Further, the sidelobe of the new window will be 
significantly clear as will be shown in the next section. 
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Figure 1. Effects of selecting different switching under dynamic condition 


3. RESULTS AND DISCUSSION 

A comparsion between conventional CP-OFDM and suggested F-OFDM will be conducted in this 
section. However, the suggested F-OFDM will be built around two other windowed-sinc filters which are 
Hamming and Hanning based filters. The much more essential simulation parameters are shown in Table 3. 
As shown in Table 3, an adequate number of Monte-Carlo rounds will be required to even get correct results. 


Table 3. Essential simulation parameters 


Paramerers Settings 
N 1024 
L 511 
64, 256 
Number of resource blocks 50 
Number of subcarriers 12 
Tone offset 2 
Monte-Carol rounds 10,000 


A considerable reduction in the OOB emission is required in order to avoid interference in 
asynchronous communications with variable numerology. It is feasible to integrate the function blocks shown 
in Figure 1 by using the settings provided in Table 3. That is, the Invers/FFT size, N, is set to 1024, the filter 
length, L=N/2-1, is 511-points [6], [8], [29]. Further, the constellation mapping, M, will be 256, in other 
words, 256-QAM. There will be 50-resource blocks, each one of them includes 12-subchannels. The tone- 
offset, which is decay-up/down interval is 2-subcarriers. The simulation will be achieved for ten thousand as 
Monte-Carlo iterations. Figure 2 illusterates the time-domain representation of the suggested window. 


Hanning 
Hamming 
=== FT FT 


Amplitude 
pag 
D 


0 100 200 300 400 500 
Samples 


Figure 2. Time-domain plot of the suggested window compared with Hanning and Hamming windows 


In Figure 2, it can be seen that the newly developed window, FTFT, has less mainlobe width than 
the other two windos, Hamming and Hanning windows, which is the required characteristic in the 5G 
telecommunication systems. On the other hand, the frequency-domain of the suggested window is compared 
with Hamming and Hanning windows in Figure 3. That is, the spectral density of FTFT-window has the 
lowest sidelobe compared to Hamming and Hanning windows. In numeric language, the first sidelobe of 


Bulletin of Electr Eng & Inf, Vol. 11, No. 1, February 2022: 364-371 


Bulletin of Electr Eng & Inf ISSN: 2302-9285 Oo 369 


FTFT-window is starts at -141dBW/Hz, when compared to Hamming, the first sidelobe appeared at 
-61.56dBW/Hz, while Hanning shows sidelobe at -56.0dBW/Hz. 

Henceforth, the sidebloes of the produced F-OFDM signals can be seen in Figure 4. That is, the the 
Hamming-based F-OFDM signal shows lower power spectral density (PSD), -157.2 dBW/Hz, which is outstanding 
CP-OFDM-PSD, -50 dBW/Hz. Moreover, PSD of Hanning-based F-OFDM reduced to -166.3dBW/Hz, which is also 
an enhanced version compared to that of the CP-OFDM signal. However, FTFT-based F-OFDM signal shows lowest 
PSD which is reached down to -270.9dBW/Hz, which is exteremely a very improved signal compared to that of CP- 
OFDM, Hamming-based F-OFDM, and Hanning-based F-OFDM signals. For that reason, the recommended window 
shows better performance and can be implemented to accommodate for the different types of signals required by 
different communication devices, such as MTC and ultra reialible low latency communication systems. 


0 0.2 0.4 0.6 0.8 1 
Normalized frequency 


Figure 3. Frequency-domain plot of FTFT-window, hanning-, and hamming-windows 
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Figure 4. Power spectral density illusteration of CP-OFDM, hanning-, hamming-, and FTFT-based F-OFDM 
signals 


Last but not least, the bit error rate (BER) performance of the four signals, CP-OFDM, Hamming-, 
Hanning, and FTFT-based F-OFDM signals are compared in Figure 5, which shows that BER act of the 
suggested FTFT-F-OFDM has no significant difference as compared to the other three signals. In other 
words, the introduced window has achieved the goal it was designed for. 
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Figure 5. BER performance comparison of CP-OFDM, hanning-, hamming-, and FTFT-based F-OFDM 


4. 


signals 


CONCLUSION 
There's a need for synchronization-free communications to better 5G networks with varied 


numerology needs. In this regard, F-OFDM is a potential contender. Using a new filter architecture, the F- 
OFDM waveform's time-frequency localisation has been enhanced substantially relative to CP-OFDM. 
Despite increasing complexity, the suggested design may be executed on-line and still preserve the typical F- 
OFDM topology neither the symbol size nor the baseband modulation are restricted in the new model. 
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